Adhesion molecules (AMs) represent one class of biomolecules that promote central nervous system regeneration. These tethered molecules provide cues to regenerating neurons that recapitulate the native brain environment. Improving cell adhesive potential of non-adhesive biomaterials is therefore a common goal in neural tissue engineering. This review discusses common AMs used in neural biomaterials and the mechanism of cell attachment to these AMs. Methods to modify materials with AMs are discussed and compared. Additionally, patterning of AMs for achieving specifi c neuronal responses is explored.
INTRODUCTION
Damage to the central nervous system, which effects at least 2 million people per year (Bani-Yaghoub et al., 2008; Ruff et al., 2008) , can be devastating to the patient. Unlike neurons in the peripheral nervous system (PNS), those of the central nervous system (CNS) do not regenerate under normal conditions (Schmidt and Leach, 2003) . Several factors contribute to this failure. In the CNS, macrophage recruitment is delayed by the blood-brain barrier, limiting clearance of myelin, a glycoprotein that impedes regeneration. In addition, CNS injury results in activation of astrocytes, a type of glial cell, which proliferate to form an inhibitory glial scar. Several neural biomaterials have been developed as treatment options for CNS injury, and have been used as regenerative, 'tissue-engineered' , scaffolds (Langer and Vacanti, 1993) or as components of implanted neural prosthetic devices. These biomaterials are composed of either synthetic or natural materials. Natural materials recapitulate the native environment very well, but manipulating their characteristics may be diffi cult due to their complex structure. On the other hand, synthetic materials selected for their tunable structural and chemical properties are generally not conducive for neural cell adhesion and hence can impede the process of tissue regeneration.
Researchers have adopted several strategies to improve tissue integration of neural biomaterials, which fall into two general categories: soluble factor addition (reviewed in Willerth and Sakiyama-Elbert, 2007) and modifi cation of materials with tethered biomolecules (i.e., adhesion molecules, AMs). Cell adhesion is an important phenomenon in tissue regeneration. The interaction of the adherent cell with its surroundings can ultimately determine cell fate. For example, it has been shown that cells require a minimal contact area on a substrate to survive (Chen et al., 1997) , and that the nature of this contact area can
ADHESION MOLECULES (AMs)
AMs derived from ECM proteins, including laminin and collagen, initiate receptor-mediated cell binding, inducing the formation of focal adhesions (Figure 1 ). Focal adhesion sites allow for two-way signal transfer (i.e., into and out of the cell) through an elaborate mechanotransduction system (Hynes, 1999) . Specifi cally, tension in the cytoskeleton can increase integrin receptor affi nity for ligand binding (outward signal transfer), and conversely, ligand binding to an integrin receptor can induce a cascade of events within the cell that alters cytoskeletal composition (inward signal transfer). Various focal adhesion proteins assist in this signal transduction cascade, including talin, vinculin, α-actinin, fi lamin and paxillin (Bacakova et al., 2004) . This review will focus primarily on integrin-binding AMs (e.g., collagen and laminin). Proteoglycans (PGs), another type of ECM molecule, also mediate cell adhesion using the receptormediated cell binding mechanism. However, PGs are rarely used for neural tissue engineering because they have been shown to have inhibitory effects on axonal regeneration in the CNS (Yu et al., 2008) . Additionally, the cell adhesion molecule class of cell surface proteins [CAMs, e.g., neural cell adhesion molecule (NCAM)], which primarily mediate cell-cell interactions, are not commonly used to modify neural biomaterials, and hence are not discussed in this review.
Integrin binding to ECM proteins has been shown to rely on short peptide motifs within the larger protein (Graf et al., 1987; Pierschbacher and Ruoslahti, 1984) . Given that large-scale isolation of ECM proteins can be challenging, the application of these specifi c peptide sequences has received much attention in neural biomaterial modifi cation (Hersel et al., 2003) . Peptides are more stable, are more easily synthesized, and are less likely to exhibit steric hindrance after biomaterial modifi cation than whole proteins (Hersel et al., 2003) .
For example, the trimer RGD peptide sequence, found in collagen, laminin and fi bronectin has been identifi ed as a minimum cell recognition sequence that can mediate adhesion of many cell types, including neurons (Hersel et al., 2003) . (It should be noted that in the case of laminin this sequence is not available for binding to integrin receptors until the domains in its vicinity are proteolytically cleaved; Aumailley and Gayraud, 1998) . Sequences specifi c to neural adhesion are found primarily in the ECM molecule laminin, and include YIGSR, IKVAV, RNIAEIIKDI and RYVVLPR. YIGSR, found on the β1 laminin chain (Graf et al., 1987) and IKVAV, found on the C-terminal end of the α1 laminin chain (Kleinman et al., 1991) , bind 67 and 110 kDa proteins on the cell membrane, respectively. The combination of these peptides (Tong and Shoichet, 2001) and extended peptide sequences that incorporate both YIGSR and IKVAV (Yu and Shoichet, 2005) have been found to signifi cantly increase neuronal adhesion. The peptide sequence, RNIAEIIKDI is present on the γ laminin chain (Liesi et al., 1989) , whereas RYVVLPR is derived from β1 laminin chain (Skubitz et al., 1990) .
In addition to laminin, the ECM protein collagen, whose primary function is to provide structural stability to tissues (Gelse et al., 2003) , can facilitate adhesion of neural cells through integrins. Most neural cells express integrins belonging to the β 1 and α v β family (Hersel et al., 2003; Venstrom and Reichardt, 1993) . Specifi cally, α 1 β 1 integrins can bind collagen type IV and XIII, α 2 β 1 and α 11 β 1 can bind fi bril forming collagens, whereas α 10 β 1 can bind type II collagen (Vogel, 2001 ). (For a detailed description of different types of collagen and their functions the reader is referred to Gelse et al., 2003.) A known integrin-binding peptide sequence that promotes neural adhesion in collagen is DGEA, which is present in collagen type I and fi bril forming collagens (Blewitt and Willits, 2007) .
In addition to natural biomolecules and peptides, some non-native proteins/peptides have been shown to promote neural adhesion. For example, polylysine, a polypeptide comprised of lysine sequences, enhances neural adhesion, proliferation, and neurite extension (Yavin and Yavin, 1974) . Polylysine modulates cell adhesion via a non-receptor-mediated cell binding mechanism (Figure 2) . Positive charges on polylysine attract the negatively charged cell membrane resulting in electrostatic bond formation (Yavin and Yavin, 1974) . The negative charge on the cell membrane results from the glycocalyx, which is composed of short oligosaccharide chains containing a large number of sialic acid residues (Lauffenburger and Linderman, 1996) . It is believed that free polylysine amino groups (Yavin and Yavin, 1974) , which produce a monopolar basic surface (Harnett et al., 2007) , are necessary for cell adhesion and that adhesion is energy dependant (Yavin and Yavin, 1974 ) (i.e., adhesion is drastically affected when cultures are exposed to inhibitors of respiration such as cyanide binding reagents). Adhesion is also temperature dependent indicating an affi liation with endocytotic metabolic pathways. Upon binding, polylysine produces a charge-induced redistribution of molecules in the cell membrane, resulting in a 'cell-polylysine interaction' similar to the ligand-receptor-mediated interaction (Rainaldi et al., 1998) . Polylysine may also enhance attachment indirectly, by promoting the adsorption of medium proteins (Heggins and Banker, 1998) . After the initial, polylysine-induced binding; cells secrete ECM, which is used to initiate mechanotransduction processes described above. It should be noted that cells unable to secrete ECM cannot sustain binding through this mechanism and undergo apoptosis (Bacakova et al., 2004) .
Polylysine in both of its forms (i.e., d and l) mediates neural cell adhesion. Whereas cell responses do not differ greatly, the d-form may be preferred over the l-form because of its resistance to proteases released in culture (Heggins and Banker, 1998) . Another interesting aspect of polylysine is that cell response is drastically altered by changes in the molecular weight (i.e., number of lysine residues). In a red cell model widely used in cell biology and equally applicable to neurons, low polylysine concentrations and low molecular weights were found to only weakly promote cells adhesion. At intermediate concentrations and molecular weights, cells spread uniformly. However, high concentrations and molecular weights produced cells lysis (Hategan et al., 2004) . These results suggest the importance of selecting polylysine of the appropriate molecular weight and form for the desired application.
APPROACHES TO BIOMATERIAL MODIFICATION SURFACE DEPOSITION
One of the easiest methods used to modify neural biomaterials is to physically adsorb/coat AMs onto biomaterial surfaces. AMs are physically bound to the biomaterial via weak forces (e.g., van der Waals, hydrogen bonding, electrostatic interaction). This method has been used to apply laminin and polylysine to poly(lactide-coglycolide) (PLGA) fi lms (Park et al., 2008) ; laminin, polylysine and collagen to polysialic acid hydrogel surfaces (Haile et al., 2008) ; and laminin to plasma-treated PLGA fi lms, chitosan fi lms (Huang et al., 2007) and poly(L-lactic acid) (PLA) nanofi bres (Koh et al., 2008) . Although modifi ed biomaterials created using this technique can promote neural cell adhesion, they are limited by poor stability of the AM layer. Additionally, if proteins or long peptide sequences are utilized, physical deposition can create steric hindrance at the active site, lowering adhesion and hence regeneration potential. However, as a fi rst approach to study the effect of AM-modifi ed biomaterials on neuronal response, this technique can provide useful initial data.
BLENDING
As an alternative to direct adsorption, AMs may be blended with biomaterials to create composites. Blending results in a near uniform distribution of AMs in the biomaterial matrix, is simple and less time consuming than covalent approaches, and provides a more stable material than that formed using adsorption methods. Blended composites can be created as thin fi lms or 3D polymeric constructs. For example, chitosan, a biodegradable polysaccharide obtained from chitin, has been blended with collagen and polylysine to form 2D fi lms (Cheng et al., 2003) . These fi lms showed improved neural adhesion over unmodifi ed chitosan, with chitosan-polylysine blends showing the highest adhesion potential. Another study found that fi lms consisting of chitosan-3 wt% polylysine supported neural adhesion more effectively than collagen-only fi lms, which have been widely used as adhesive substrate coatings (Mingyu et al., 2004) . These fi lms could potentially be applied as coatings for neural prosthetic implants. However, possible disadvantages include instability of AM attachment as a result of non-covalent incorporation, reduction of the number of AMs available per unit surface area with increasing fi lm thickness, and their 2D structure.
As an alternative to thin fi lms, blending can also be used to physically entrap AMs in 3D hydrogel matrices. Hydrogels, insoluble, hydrophilic, cross-linked, polymer networks (Peppas et al., 2006) , have been widely studied as brain mimetics because of their structural similarity to glycosaminoglycans (GAGs), which are the primary component of brain ECM. The addition of AMs to hydrogels enhances neural cell adhesion, while preserving a matrix with similar properties to those found in vivo. AM-modifi cation can be used to increase neural adhesion at the interface with tissue (i.e., on the material surface) or to increase adhesion of neurons encapsulated within the hydrogel. For example, laminin blended with a keratin-based hydrogel was used to increase affi nity of neurosphere forming cells to the hydrogel surface (2D) (Nakaji-Hirabayashi et al., 2008) . Blending can also be used to increase encapsulated cell adhesion; Anseth et al. investigated the effect of collagen-blended with poly(ethylene glycol) -poly(lactic acid) (PEG-PLA) hydrogels on neural cells encapsulated within the 3D hydrogels (Mahoney and Anseth, 2007) . AM-modifi ed hydrogels created through blending could be applied to prosthetic devices or used as tissue engineering constructs. In particular, the ability of these materials to recapitulate the 3D environment found in vivo should yield detailed insights into tissue-level behaviors.
In addition to hydrogels, AMs have also been blended with electrospun fi bers to create 3D scaffolds (Koh et al., 2008) . Nanostructured scaffolds provide very high surface areas, which may increase the effi cacy of AMs as a larger number will be displayed on the surface for the same volumetric loading. Koh et al. have shown that the total amount of AM (i.e., laminin) in blended scaffolds can be higher than that produced by either physical adsorption or covalent modifi cation. Despite this success, results were not comparable with a positive control of polylysine-coated coverslips. It should be noted that these studies are still in nascent stages; different protein molecules at different concentrations were investigated and direct comparison is therefore not possible.
From a manufacturing perspective, blending may be advantageous when compared to covalent modifi cation methods for nanostructured scaffolds. AMs can be incorporated directly during processing (e.g., laminin was present in the electrospinning solution to form laminin-blended electrospun fi bers; Koh et al., 2008) , rather than requiring subsequent synthesis steps. Postsynthetic modifi cation of 3D porous, nanostructured scaffolds may be challenging because of the diffi culty in achieving uniform biomolecule access to the scaffold interior. This becomes more challenging as the scaffold pore sizes approaches that of the biomolecule, limiting diffusion. Blending is less desirable; however, for scaffolds with larger pore sizes. As long as the pore size of the scaffold is less than that of the adhesion molecule, AMs can be physically entrapped, preventing their escape, but as pore size increases, biomolecules may diffuse into the surrounding medium.
In general, blending is an attractive method for creating AMmodifi ed materials because of its simplicity. It can be applied to fi lms and 3D constructs, which can serve as prosthetic material coatings or tissue engineering scaffolds. One of the major limitations of blending is the tendency of AMs to escape from the polymer matrix over time. This is mainly caused by the absence of strong attractive forces between AMs and the biomaterial. Several other techniques (e.g., covalent modifi cation) have been explored for developing more stable composite systems.
ELECTROSTATIC ATTACHMENT
Electrostatic attachment is similar to blending or physical adsorption, but relies specifi cally on the electrostatic interaction between AMs and the biomaterial as the driving force for biomaterial assembly. Electrostatic attachment methods can be divided into two broad classes: layer-by-layer (LbL) assembly and electrochemical polymerization ( Table 1) .
Layer-by-Layer (LbL) technique (using polyelectrolytes)
The Layer-by-Layer (LbL) technique involves the deposition of alternating layers of polycationic and polyanionic materials, which can self-assemble through electrostatic attraction to produce nanoscale coatings (∼100 Å). For example, positively charged biomaterials can be electrostatically coupled with negatively charged AMs to produce an alternating structure of (-biomaterial-AM-) N . The initial deposition of either polycation or polyanion depends on the substrate charge. Fortunately, many likely biomaterial targets for AM-modifi cation are inherently charged. For example, silicon, which is a common material for neural electrodes, has an inherent negative charge and therefore can be coated with polycations. In the event that the target biomaterial does not possess charge, it can be induced by various surface treatment techniques (Peyratout and Dahne, 2004) .
The methodology of LbL treatment (Figure 3 ) is relatively simple (Lutkenhaus and Hammond, 2007; Tang et al., 2006) . Initial layer formation proceeds by dipping the negatively or positively charged substrate in alternating polycationic and polyanionic solutions. Between each deposition stage, the excess surface polyelectrolyte is removed by rinsing. This alternate dipping process is repeated until a desired number of bilayers with certain thickness are obtained. Factors that are critical to LbL fi lm formation and stability include pH, polyelectrolyte loading, and ionic strength of the polyelectrolytes. The polyelectrolyte solutions can consist of the biomaterial, other polymers, drugs, or AMs. For optimal performance of AM-modifi ed substrates the terminal layer should contain the AM of interest, permitting direct interaction with cells and tissue.
LbL coatings can be applied to tissue engineering constructs and implanted neural prostheses. Wu et al. demonstrated that LbL fi lms comprised of hyaluronic acid (HA)/collagen promote cortical neuron adhesion on glass (Wu et al., 2007) , which is normally a non-permissive substrate. Similarly, Bellamkonda et al. examined LbL fi lms consisting of polyethylimine (PEI)/Laminin, PEI/Gelatin/Chitosan/Gelatin, and PEI/Gelatin as neural recording electrode coatings (He and Bellamkonda, 2005) . Gelatin is obtained from collagen and is known to promote cell adhesion (Young et al., 2005) . These coatings were shown to promote cortical neuronal adhesion and neurite extension in vitro (He and Bellamkonda, 2005) (Figure 4 ) and rapid reduction of early microglia activation (over a period of 4 weeks) (He et al., 2006) in vivo. This implies that LbL coatings can lower immune response over a stipulated time period.
LbL fi lms have many advantages. They are versatile and can be applied to virtually any charged substrate. They can achieve near conformal coatings, with nm control of thickness. However, their long term stability in vivo is still questionable. Films are pH sensitive, with even minor changes in pH altering organization and producing instability. Instability might possibly be addressed (Lutkenhaus and Hammond, 2007) .
by cross-linking polyelectrolyte layers either chemically or via photocoupling. This could enhance their stability due to the presence of multiple linkages (i.e., electrostatic as well as cross-linking), but complicates material processing. Furthermore, since LbL assembly is mainly charge based, it is necessary for the AM to possess suffi cient charge opposite that of the biomaterial for coupling to occur. For instance, gelatin is available mainly as Type A (obtained from porcine skin) and Type B (obtained from bovine skin). The isoelectric points of gelatin range from 4.5 to 9.4 with Type A having a higher isoelectric point (7-9.4) compared to Type B (4.5-5.3) (Poppe, 1997) . The type of gelatin selected and the experimental conditions chosen should be adjusted to refl ect the charge of the biomaterial to be modifi ed. Similarly, cell response to different types of gelatin may also vary with charge presented at the physiological pH and should be considered.
Electrochemical polymerization (using conducting polymers)
Another class of biomaterials that can incorporate AMs through electrostatic interactions is electrically conducting polymers. Because nerve cells are electrically active, there is great interest in using electrically conducting biomaterials to more closely mimic the native neural environment. One of the most extensively studied conducting polymers is polypyrrole (PPy), a heterocyclic conducting polymer, which promotes neurite outgrowth under the infl uence of electrical stimulation (Schmidt et al., 1997) . Ppy has also been utilized for drug delivery , neural probe coatings (Cui et al., 2001 (Cui et al., , 2003 George et al., 2005; Kim et al., 2004; Stauffer and Cui, 2006) and bioactuation (i.e., the generation of a mechanical force as required in artifi cial muscle actuators) (Gandhi et al., 1995; Spinks et al., 2005a,b) .
Electrically conducting polymers consist of charged crystalline to semi-crystalline polymer chains that are doped with ions of the opposite charge. Dopants serve to balance the charge of the conducting polymer to produce a neutral composite. Charged AMs can be incorporated into electrically conducting polymers as dopants using electrochemical polymerization (Figure 5 ) (Guimard et al., 2007) . For example, a neutral polymer such as Ppy develops a positive charge following oxidation and can be coupled with negatively charged AMs during electrochemical polymerization. In this process, a three electrode system is typically employed. The apparatus consists of a working electrode (where the fi lms deposited, usually Si for neural probes, ITO for other applications), a counter electrode (e.g., platinum) and a reference electrode (e.g., calomel electrode) in a liquid solution of monomer and dopant in a suitable solvent. Applying electric current to the system produces conducting polymer/AM fi lm deposition on the working electrode surface. Polymer monomers undergo oxidation at anodic sites forming cations that can bind negatively charged dopants (e.g., AMs). The resulting composite thus has a net charge of zero. Film thickness is controlled by the amount of charge that passes through the electrode system. Parameters that can infl uence fi lm topography and conductivity include deposition time, temperature, electrode system, and choice of solvent. The technique is straightforward and attractive because doping of AM and polymerization proceed simultaneously. Also, extremely thin fi lms (∼20 nm) can be prepared.
This method has been used to dope polypyrrole with CDPGYIGSR (Figure 6 ), an extended peptide sequence from laminin, on gold recording sites of Si-neural recording probes (Cui et al., 2001) . In vitro, these materials demonstrated increased neuroblastoma cell adhesion compared to control fi lms (Figure 7) . In vivo, the coatings have been shown to be stable for at least 1 week and to promote neural adhesion (Cui et al., 2003) . In later work, PPy/RNIAEIIKDI (a sequence from laminin) coatings were shown to be superior to the original PPy/CDPGYIGSR composites in promoting neural adhesion and axonal growth (Stauffer and Cui, 2006) , demonstrating the importance of AM selection when creating modifi ed biomaterials. This work has also been extended to other conducting polymers, for example poly(hydroxymethylated-3, 4-ethlenedioxythiophene) (PEDOTMeOH) has been doped with the laminin fragment CDPGYIGSR (Xiao et al., 2006) .
As an alternative to using AMs directly as dopants, other entities can be employed to tether the AM to the conducting polymer through the dopant. One advantage of this method is that different AMs can be incorporated onto the same 'base' material (i.e., conducting polymer/dopant composite). Song et al. (2006) used this method to tether polylysine and laminin to PPy doped with poly(glutamic acid) (Ppy/PGlu). Specifi cally, Ppy was doped with PGlu using electrochemical polymerization. Polylysine and laminin were then attached to the resulting Ppy/PGlu composite by a covalent bond formed between PGlu and AMs using EDC chemistry (see below, covalent binding).
AM electrochemical incorporation into conducting polymers has specifi c advantages for neural prosthetic systems. Because the composites are fi lms, they provide high surface area, and therefore high AM contact area. Although not specifi c to AM-modifi ed materials, the high surface areas of electrically conducting polymer fi lms also provide ample sites for Faradaic charge transfer, the primary mode of electrical conduction in implanted prostheses. Faradaic charge transfer depends on the storage capacity of the material, and in the case of surface reactions, on the surface area of the material. In addition to electrical considerations, composite surface properties, namely morphology and conductivity, could potentially be precisely tuned to encourage neurons to form fi rm contacts with the electrode, while minimizing the activation of astrocytes, a sign of immune response. However, despite extensive study of these composites, long term stability continues to be a major impediment to the use of conducting polymer-AM composites for neural interfaces. For instance, it has been observed that PPy undergoes structural changes and is subject to degradation in vivo within short time periods (Xiao et al., 2006) . Alternative conducting polymer materials are being explored to address this problem.
COVALENT ATTACHMENT
Techniques based on weak interactions (i.e., physical adsorption, blending) often fail to strongly bind AMs to biomaterial scaffolds, which can permit escape via diffusion. This is disadvantageous, especially for in vivo applications in which the implanted material may be intended for months or years of use. Covalent binding of AMs to biomaterials can produce much more stable composites. Several covalent attachment techniques have been designed specifi cally for biomaterial modifi cation (see Hermanson, 1996 for details) . This review will concentrate on attachment methods mediated by thiol, amine, carboxylate and hydroxyl linkages, as these have been most commonly employed ( Table 2) . It should be noted that some of these techniques require pretreatment of surfaces to produce the desired surface functionalization; however, these methods (e.g., plasma treatment, ionizing radiation graft copolymerization; Ratner et al., 2004) are beyond the scope of this review. Poly-L-lactic acid/laminin -COOH PC12 (Koh et al., 2008) Poly(lactide-co-glycolide)/laminin -COOH SC (Huang et al., 2007) Chitosan/laminin -OH SC (Huang et al., 2007) -COOH Glassy carbon/laminin/laminin-derived -COOH ERGCs (chick) - (Huber et al., 1998) peptides e-poly(tetrafl uroethylene)/laminin-derived -SH DRG - (Shaw and Shoichet, 2003) Chemical modifi cation mediated by thiol (-SH) groups involves the reaction of a sulfhydryl compound with a maleimide derivative to form a thioether bond (Scheme 1) (Hermanson, 1996) . This route has been used by the Shoichet group (Yu et al., 2007) to conjugate cell adhesion peptides CDPGYIGSR and GQASSIKVAV (both laminin derived) to thiolated methacrylamide chitosan scaffolds. Other approaches employing similar chemistry use heterofunctional crosslinkers to conjugate AMs to biomaterials. Intermediary crosslinkers are generally preferred to direct biomolecule conjugation because the crosslinker separates the biomolecule from the biomaterial, reducing steric hindrance and preserving the conformation of the protein or peptide. The choice of the cross-linking agent is dependent on application. For example, for in vivo use, a cross linker that minimizes immune response should be chosen. One commonly examined -SH active crosslinker is sulfo-SMCC [sulfosuccinimidyl-4-(N-maleinidomethyl) cyclohexane-1-carboxylate] (Scheme 2), which has an amine-reactive NHS ester as well as a thiol reactive maleimide.
This cross linker has been used to conjugate CRGDS and CDPGYIGSR/CQAASIKVAV to poly(methacrylated dextranco-amino ethyl methacrylate) [p(dex-MA-co-AEMA)] ( Levesque and Shoichet, 2006) , CDPGYIGSR/CQAASIKVAV to poly(hydroxyl ethyl methacrylate-co-2-aminoethyl methacrylate) [p(HEMAco-AEMA)] (Yu and Shoichet, 2005) , and CYIGSR/CDPGYIGSR/ CIKVAV/CQAASIKVAV to e-poly(tetrafl uroethylene) (Shaw and Shoichet, 2003) . Cell adhesion was improved for all AM-modifi ed biomaterials when compared to unmodifi ed control biomaterials (e.g., Figure 8 ).
Maleimide derivative Thioether bond SCHEME 1 | Adapted from (Hermanson, 1996) . Rao and Winter AM-modifi ed neural biomaterials fragments (CDPGYIGSR, IKVAV, GRGDSP and their combination). This method has also been used to bind laminin to hyaluronan . It is also possible to target hydroxyl groups via periodate oxidation (Hermanson, 1996) wherein compounds containing internal diol groups, terminal diol groups or terminal hydroxylamine groups can be oxidized to form aldehydes (Scheme 4).
Aldehydes can then react with amine compounds to form a Schiff base (imine). This approach has been used to covalently bind laminin fragments to dextran (Massia et al., 2004) and to bind laminin to methylcellulose (Stabenfeldt et al., 2006) .
Perhaps the most popular method used for covalent biomaterial modifi cation is EDC chemistry, which proceeds via reaction with carboxylate (-COOH) groups. EDC or EDAC [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride] is a water soluble, zero length cross linker. Generally, EDC is used to covalently link a carboxylate (-COOH) or a phosphate (-PO 4 ) compound with an amine (-NH 2 ) (Scheme 5).
Carboxylates react with EDC to form o-acylisourea intermediates, which in turn react with amine compounds to form stable amide bonds and isourea as a byproduct. This byproduct can be easily separated from the product since it is water soluble (Hermanson, 1996) . It may be necessary to use sulfo-N-hydroxysuccinimide (sulfo-NHS) in conjunction with EDC if the intermediate product is highly unstable (e.g., hydrolyzed) or if the amine compound is present in low concentrations. Addition of sulfo-NHS forms sulfo-NHS ester intermediates that are more stable and can efficiently react with amine compounds, increasing conjugation yields. A disadvantage of using EDC is that some target biomolecules (e.g., peptides) contain both carboxylate and amine groups, which can produce self-polymerization rather than conjugation to the desired biomaterial (Hermanson, 1996) .
Many polymers used for neural engineering applications contain hydroxyl groups (-OH) (e.g., agarose, hyaluronan). Carbonyldiimidazole (CDI) chemistry can be exploited to couple biomaterials with AMs via a hydroxyl mediated reaction (Scheme 3).
CDI, a carbonylating agent with acylimidazdole groups can react with (-OH) containing biomaterials to form imidazole carbamate active intermediates. These intermediates further react with amine containing compounds releasing imidazole, thus forming stable carbamate linkages (Hermanson, 1996) . Bellamkonda et al. (1995) used this chemistry to covalently couple agarose to laminin EDC chemistry has been widely employed in neural biomaterial modifi cation. For example, it has been used to covalently modify chitosan with laminin-derived peptides (Suzuki et al., 2003) , poly-D-lysine with hyaluronan , alginate with YIGSR (Dhoot et al., 2004) , PLGA and chitosan with laminin (Huang et al., 2007) , aminated glass with various integrinbinding peptide sequences (Kam et al., 2002) , and glassy carbon implant materials with laminin peptide sequences (Huber et al., 1998) . Recently, Koh et al. (2008) also showed that EDC chemistry can be used to modify electrospun poly(L-lactic acid) fi bers with laminin.
In addition to these more common cross-linking methods, carboxyl (-COOH) and hydroxyl (-OH) groups have also been covalently modifi ed with tresyl chloride, SMCC and O-(N-succinimidyl)-N,N,N′,N′-tetramethyluronium tetrafl uoroborate. This method was used to couple laminin-derived peptides to poly(tetrafl uroethylene-co-hexafl uoropropylene) (FEP) (Tong and Shoichet, 1998b) . Specifi cally, FEP was functionalized with reactive groups (i.e., hydroxyl or carboxyl) by a sequence of chemical reactions and covalently coupled to peptides using one of the aforementioned coupling agents. As an alternative, introducing amine functionality to FEP surfaces and coupling laminin peptides (Tong and Shoichet, 1998a) and their combination (Tong and Shoichet, 2001 ) was also investigated.
Apart from purely chemical methods, photo-initiated coupling has also been used to covalently immobilize AMs onto neural biomaterials. Benefi ts of this technique include better control over the coupling reaction and also rapid reaction completion (e.g., ∼minutes). Examples of photocoupling include conjugation of benzophenone-derivatized YIGSR to agarose (Borkenhagen et al., 1998) and azidoaniline photocoupling of poly-D-lysine to chitosan (Crompton et al., 2007) . As with chemical methods, heterobifunctional crosslinkers can also be employed, as demonstrated by used of an agent with photoreactive and amine-reactive groups to conjugate collagen to agarose (Cullen et al., 2007) .
Another interesting alternative to chemical cross-linking is enzymatic coagulation. In this method, an enzyme regulates covalent cross-linking of the AM to the biomaterial matrix. This was demonstrated using fi brin gels, which are formed from fi brinogen in conjunction with the enzyme transglutaminase. Laminin-derived peptides that promote neurite extension were incorporated into the fi brin gel to enhance its inherent cell adhesion properties (Schense et al., 2000) .
Each biomaterial modifi cation technique discussed is outlined in Figure 9 .
PATTERNING AM-MODIFIED BIOMATERIALS
Bulk biomaterial modifi cation with AMs increases neuronal adhesion compared to unmodifi ed materials; however, this response is not targeted to specifi c portions of the material. In addition, AM distribution is not tailored to achieve specifi c cell responses. There is a substantial body of evidence that suggests neural cells respond to micron and nanoscale features with altered adhesion, proliferation and survival tendencies (Whitesides et al., 2001; Winter, 2006) . The focal adhesions characteristic of cell adhesion to the ECM are typically on the order of nanometers (Zaidel-Bar et al., 2004) . It is therefore logical that micro-and nanoscale surfaces can better duplicate the in vivo environment and provide more detailed insights into neural cell behavior than bulk-modifi ed materials.
Initial efforts to pattern AMs on neural biomaterials focused on 2D, planar surfaces because of the simplicity of fabrication. In an early example, fl uorinated ethylene propylene fi lms were patterned with laminin-derived peptides YIGSR and IKVAV through radio frequency glow discharge (Ranieri et al., 1994) . AM patterns can promote specifi c neuronal responses. For example, AMs have been patterned, along with non-cell adhesive polyethylene glycol (PEG) domains, on activated glass surfaces. The non-cell adhesive regions were created using covalent attachment methods, whereas the cell adhesive domains were created using the shadow masking technique involving Ti and Au sputter coating followed by AM attachment. The resulting alternating 'stripe' pattern promoted hippocampal neuron alignment and neurite extension along the length of the patterned AM (Figure 10 ) (Saneinejad and Shoichet, 1998) . Similarly, poly(chlorotrifl uorothylene) (PCTFE) was also used for creating well defi ned alternating 'stripe' patterns of laminin-derived peptides YIGSR and IKVAV (Saneinejad and Shoichet, 2000) .
Most of these early studies examined AM patterning on relatively smooth substrates. More recently, researchers have focused on creating topological patterns on the biomaterial and combining these with AM patterns by physical adsorption or covalent binding. Topological patterns can be created through a variety of techniques. For example, microfl uidic patterning has been used to create channels on polymeric surfaces with O 2 plasmatreated polydimethylsiloxane (PDMS) molds. These channels can then be modifi ed with AMs through standard bioconjugation methods. For example, avidin-biotin interactions have been exploited to create patterns of IKVAV on PEGPLA (Patel et al., 1998) . Specifi cally, plasma-treated PDMS molds were employed to form patterns on PLA-PEG-biotin surfaces. Avidin solution was then placed on this modifi ed surface resulting in PLA-PEG-biotinavidin. Finally, biotinylated ligands (biotin-AMs) were anchored to the PLA-PEG-biotin via avidin forming PLA-PEG-biotin-avidin-biotin-AM. Photolithography can be used to create 'master' patterns, which can then be transferred to polymeric surfaces by compression molding or similar techniques. This method has been used to modify poly(D, L-lactic acid) with laminin and was used to examine Schwann cell culture (Miller et al., 2001a,b) . Microcontact printing has been used to print AMs directly onto biomaterials. For instance, laminin was applied to acrylamide hydrogel surfaces to examine astroglioma and primary rat hippocampal neurons (Hynd et al., 2007) .
These methods have primarily been applied to 2D surfaces. Unfortunately, the in vivo environment is a highly complex 3D structure, and many target neural biomaterials have been designed to mimic this environment. Alternative methods are needed to create 3D AM patterns in these materials. Hydrogels, one of the most commonly employed 3D materials, can be modifi ed with AMs using photopatterning (especially if vinyl or similar chemistries are employed for the hydrogel backbone; Hahn et al., 2006) . Hydrogel patterning has been used to create channels of RGD adhesive peptides in agarose hydrogels (Luo and Shoichet, 2004 ) using a combination of covalent and photochemical coupling techniques and to study the effect of channel RGD concentration gradients in hyaluronic acid hydrogels (Musoke-Zawedde and Shoichet, 2006) . The presence of RGD-modifi ed channels in agarose permitted dorsal root ganglion cells growth and attachment, which was not supported outside the channels (Luo and Shoichet, 2004) . High fi delity AM patterns in hydrogels can provide complex topographical and biochemical signals to neurons more closely mimicking the native environment.
CONCLUSIONS
Biomaterials developed for neural tissue engineering applications should replicate the native brain environment for successful biomaterial-tissue integration. Application of bound/tethered factors or AMs has become one of the primary strategies to achieve this goal. The interaction between the biomaterial and cells is crucial in determining cell fate. Understanding the phenomenon of cell adhesion on biomaterials and the mechanisms by which AMs promote neural adhesion is crucial for the development of materials that promote neural tissue regeneration.
Among the different techniques discussed for creating biomaterial-AM composites, blending and surface deposition are the simplest methods. However, composites created using these techniques are less stable. Electrostatic and covalent attachment techniques can produce much stronger and more stable composites because of stronger attractive forces between the biomaterial and AM. Selection of AM incorporation method should thus be made with the end goal in mind. For example, in vivo implants with an expected lifetime of months to years would require a more stable interface than materials designed for short-term in vitro tests. Additionally, the morphology of AM deposition must be considered. Whereas bulk material modifi cation is easier, patterned AMs have been shown to promote specifi c neural responses.
AM-modifi cation using these methods has already produced materials for drug delivery, tissue engineering, and implanted neural prostheses. These materials have shown promise in minimizing the long term immune response to implanted materials and in promoting nerve regeneration. However, the stability of AM coatings is still a signifi cant issue. Future enhancements in AMmodifi cation will likely include combinations of the techniques discussed and increases in the number of biomolecules bound. With continued improvement, AM-modifi cation will likely become a critical element in enhancing biomaterial-tissue integration with the nervous system.
